The objective of this study is analysis of heat-up process of wet woody particles on a backward acting grate including dynamics motion investigation by implementing XDEM (extended discrete element method) as a novel approach. In this method, the particles are resolved as the discrete phase (individual elements) coupled via heat, mass and momentum transfer to the continuous gas phase. The temperature of particulates along the backward acting grate is investigated by evaluating effects of operating parameters such as bar amplitude and period. Furthermore, the bar motion has effects largely on the heat-up process of the packed bed on the backward acting grate which is considered here as well. In other words, motion of particles caused by bar motion influences the heat transfer of particles and totally the packed bed. In fact, the particles' heat-up is performed by a radiative heat flux facing the packed bed surface so that heat transfer of particles as radiation and conduction with surrounding particles is taken into account in addition to convection heat transfer between particles and surrounding gas phase.
Introduction
 Generally speaking, the solid fuels play an important role in the worldwide industry. Recently biomass usage as renewable energy source has been growing gradually. One of the important issues in solid fuel consumptions is energy efficiency which means heat-up process in advance to dry process leading to enhanced performance of combustion and consequently efficient energy consumption. In other words, thermal conversion of solid fuel is a complex interaction of fluid flow, heat and mass transfer within both moving and fixed beds of fuel particles. In order to design efficiently particle bed reactors, a deeper understanding of fluid flow behavior passing through particles bed including heat and mass transfer is required. It should be noticed that the heat and mass transfer in packed beds is based on empirical correlations. From experimental point of view this is very expensive to reach the precise assessments. Therefore numerical simulations including CFD (computational fluid dynamics) has become so valuable a tool to survey interaction between fluid and packed beds. In case of heat transfer three types as conduction, convection and radiation need to be analyzed.
There are two approaches to investigate interaction between fluid flow and bed particles: Eulerian and Lagrangian. In Eulerian the particles are considered as a continuous phase as fluid flow. While in Lagrangian each particle is considered as an element which interacts with fluid as continuum phase which is applied in this study. Accordingly, the thermal energy storage system of ice capsules embedded in a liquid is evaluated by MacPhee and Dincer [1] so that packed bed of ice capsules is modelled based on Eulerian method as continuous porous media. Apart from Eulerian method, the Lagrangian approach or two-phase model relies on thermal equilibrium conditions between the existent phases. In this case the heat and mass transfer in each phase as well as interaction between phases must be assessed. Although this approach is much more accurate than the Eulerian, but in case of running time it is highly time-consuming. In addition, Lee et al. [2] predicted the flow in the core of a pebble bed reactor and its heat transfer. They concluded that results depend significantly on the modelling of the inter-pebble region, because the treatment of the contacts among the pebbles with gaps may give inaccurate information about the local flow fields.
Besides, metal structured packed beds are simulated in Hong Mei et al. [3] . A cylindrical arrangement of a number of axially parallel channels is considered and a finite volume mesh is used for discretization including air as medium flow. Different Reynolds numbers are employed so that at low Reynolds numbers, the specific surface area determines the heat transfer capability. While at high Reynolds numbers, the important factors are noticed as the property of solid phase as well as structure of void space. Moreover, the effect of particle shapes and packing density on the fluid flow and heat transfer inside the pores of different types of structured packed beds is numerically investigated by Yang et al. [4] . The test case considers 8 packed cells with symmetric boundary conditions. Spherical, at ellipsoidal and long ellipsoidal particles are used which are arranged in simple cubic, body centre cubic and face centre cubic lattices. The flow in packed beds is considered as flow in a porous media. The conclusion is indicated with a suitable packing arrangement and the particle shape, the pressure drop in the structured packed beds is remarkably decreased and the heat transfer performance is improved.
Likewise, Augier et al. [5] have studied the flow in an unstructured packing of poly-disperse spherical particles with a value of polydispersity deviating by 14% from the mean diameter. The DEM (discrete element method) is applied to generate a packed bed of spheres neglecting the friction between particle-particle and particle-wall. The Nusselt numbers and drag coefficients are calculated using CFD for spherical particles. The heat transfer and hydrodynamics equations are solved in the range of Reynolds and Schmidt numbers of 1 < Re < 100 and 300 < Sc < 1,000, respectively. The results noted that contraction of particles applied to the packing in order to enable finite-volume meshing leads to underestimation of the transverse dispersion. An extensive review of fluid flow problems involving heat and mass transfer in porous media are provided by Laguerre et al. [6] , Swailes and Potts [7] , Venugopal et al. [8] , Nithiarasu et al. [9] and Papadikis et al. [10] .
In this work the XDEM (extended discrete element method) is employed to predict both motion and heat-up of individual particles of a moving bed on a backward acting grate. Motion of the particles is predicted by the traditional approach of DEM, while energy conservation is employed to predict the temporal and spatial distribution of temperature for each particle. It is considered as conduction and radiation between particles and convective heat transfer between the particles and the surrounding fluid flow. Particles are approximated by a spherical geometry and the material was represented by fir wood.
The XDEM
The XDEM is an advanced multi-physics and numerical simulation tool which handles motion and chemical conversion of particles that could be coupled to continuous gas phase assessed by CFD. The applications could be mentioned as furnaces for wood combustion, blast furnaces for steel production, drying on the grates and fluidized beds. Each of these applications represents complex processes involving various aspects of thermodynamics, fluid dynamics, chemistry and physics. Contrary to the continuum approach, XDEM considers fuel particles as individual elements including motion and conversion. Thus, the entire process is the sum of all particle processes occurring in the moving or fixed bed and could be described as follows:
Entire Process = Particle Processes
+ Continuous Gas Phase Processes (CFD)
This approach includes three major areas as depicted in Fig. 1 :
 Thermal conversion of particles due to chemistry (conversion module);  Motion and rotation of particles due to contact and external forces (motion module);  Reacting flow in the void space between the particles in conjunction with heat and mass transfer between the particle's surface and the gas (CFD).  Thermal equilibrium between gas, liquid and solid phases inside the particle. The differential conservation equation for energy describing the thermal behavior of a particle is as follows:
where, n defines the geometry of a cylinder (n = 1) or sphere (n = 2). The locally varying heat conductivity is evaluated based on Ref. [11] :
which takes into account heat transfer by conduction in the gas, solid, produced char and radiation in the pores, respectively. The source term on the right hand side of Eq. (1) represents heat release or consumption due to chemical reactions.
Furthermore by applying DEM, particle motion in a moving bed is described. The conservation equations of linear and angular momentum of position and orientation of the particle i are as follows:
, , , , and angular velocity j   of neighbor particle j that undergo impact with particle i. The contact forces comprise all forces as a result from material contacts between a particle and its neighbors. Forces may include external forces due to moving grate bars, fluid forces and contact forces between the particles contact with a bounding wall. This results in a system of coupled non-linear differential equations which usually cannot be solved analytically.
Initial and Boundary Conditions
In case of boundary conditions according to Kaume [12] , the Nusselt number Nu for heat transfer of a sphere is defined as: Hence, the following boundary condition for heat transfer of a particle is applied as:
where, T  , , i c  , α and β denote ambient gas temperature, concentration of specie i, heat and mass transfer coefficients, respectively.
Practically the XDEM uses object-oriented techniques that support objects representing three-dimensional particles of various shapes, size and material properties. This makes XDEM a highly versatile tool dealing with a large variety of different industrial applications of particulate materials.
Mixing Intensity Definition
The approach to characterize mixing of particles in granular media comes from the theory of turbulence in fluid dynamics [14, 15] . It is assumed that the velocity of each particle v i can be split into its mean value i V and the fluctuating part i v :
The mean velocity is defined by averaging the particles velocity surrounding the given particle within a finite volume:
where, r v is the radius of the selected volume surrounding the ith particle, and a logical function is introduced as:
The fluctuating velocity shows how quickly the ith particle changes its position with respect to the surrounding particles. By averaging over the simulation volume, the time-dependent mixing parameter is introduced by:
where, the coordinate axes are denoted as x 1 = x, x 2 = y, 
Results and Discussion
The test case in this work is considered as a packed bed of fir wood particles moving on a backward acting grate. The heat transferred to the packed bed is as a constant specific radiative flux of q  = 30.0 kW/m 2 . In addition, the gas phase temperature and heat transfer coefficient are set constant as T amb = 300 K and α = 20 W/m·K, respectively. The particle composition is described as 97% fir wood and 3% ash. Tables 1 and 2 show the thermodynamic and mechanical properties of fir wood. In order to reduce simulation time, a particular section of the grate including packed bed of particles is assigned as simulation domain and two periodic boundaries at the inlet and outlet of the grate are defined. Hence, particles that leave the grate at the outlet, periodically entered at the inlet of the grate, and thus, reject a sequence of the grate sections as shown in Fig. 2 . The grate and bars are both inclined as α grate = 24° and α bar = 40°, respectively. Every other bar has oscillatory motion as forward-backward and the bars between the moving bars are stationary. The oscillatory motion causes the particles to move over the grate through the combustion chamber. It is proved in Ref. [16] that the amplitude and period of moving bars influence largely the particles residence time in the combustion chamber, thereby these parameters are examined to verify the effects on the bed heat-up. Fig. 2 The backward acting grate geometry. shows the temperature distribution of a particle spatially and temporally at 1,000 s. The initial temperature of particles is T = 400 K. Based on Fig. 3 , it is apparent that particles are within the packed bed and not subject to surface radiation loose energy to the surrounding air which reduces the particle temperature. After around 100 s the particles move to the packed bed surface encountering radiation that leads to increase the particles temperature. The particle stays for a while on the surface of the moving bed and then because of bar motion they enter inside the packed bed. At this moment, there is no radiative heat transfer but conductive with neighboring particles which cause reduction in particles temperature. Thereafter the particle again moves to the bed surface facing radiation, thus the process of heating-cooling is repeated during residence time of the particles on the grate.
Figs. 4 and 5 illustrate the temperature distribution of particles in 1,000 s for different bar amplitudes and periods. It could be seen that with higher bar velocity the temperature distribution of the particles on the grate is much more homogeneous than in Fig. 5 with lower bar velocity. As a consequence, the higher bar velocity leads to better mixing between particles so that thermal energy is more homogeneously distributed within the moving bed.
Statistical Analysis of Temperature Distribution of the Moving Bed
The influence of bar motion expressed by different Figs. 6-9 , respectively. The minimum particle temperature evolution in the moving bed during the time could be seen in Fig. 6 . Depending on the different amplitudes and periods, the minimum particle temperature varies 320.0-520.0 K. It is obvious that higher bar velocity increases the minimum temperature which leads to higher particles mixing and thus, an improved heat transfer. On the other hand, Fig. 7 shows the maximum particle temperature evolution in the moving bed. Unlike Fig. 6 , higher bar velocity decreases the maximum particle temperature. Therefore the higher bar velocity causes better distribution of particle temperature. Besides, the mean bed temperature evolution is displayed in Fig. 8 which concludes no large difference comparing maximum and minimum particle temperatures. The mean temperature is determined by a global heat balance including net influx due to radiation and removal by convection of the primary air. showing the standard deviation of bed temperature also proves the influence of bar velocity on the temperature distribution. With higher bar velocity, the mixing rate is increased which causes more homogeneous temperature distribution of particles. This concludes with reduced standard deviation to the value of around 100 K that is the minimum difference between maximum and minimum bed temperature obtained in this study.
Classication of Mixing Intensity
Fig . 10 depicts the relation between the moving bed velocity and bar velocity for different amounts of amplitudes which are linearly dependent on each other. Moreover it is shown in Fig. 11 that apart from various amplitudes, the mixing intensity of the packed bed strongly depends on bar velocity. Furthermore, Fig. 12 illustrates the dependency of mixing intensity on the minimum, maximum, mean and standard deviation temperature of the packed bed. Accordingly, the results indicate that with higher mixing intensity, temperature distribution becomes more homogeneous in the moving bed. In other words, as far as the mixing intensity is increased, the difference between maximum and minimum temperature is decreased in addition to lower standard deviation temperature. On the other hand, mixing intensity does not influence the packed bed mean temperature. 
Conclusions
In this work the XDEM is employed to investigate the heat-up process of a moving bed of fir wood particles on a backward acting grate. By resolving one-dimensional and transient differential conservation equation of energy, the temperature distribution for each particle is predicted. A constant radiative heat flux on the bed surface to heat up the particles temperature existing on the surface of the bed is defined so that this heat is transferred by conduction to adjacent particles through the bed. The presented results show that the only effective parameter is the velocity of the grate bars.
As a consequence the higher bar velocity leads to a homogeneous temperature distribution over particles.
In this case the difference between maximum and minimum particles temperature is reduced. Likewise the packed bed velocity almost linearly depends on bar velocity. The mixing intensity also strongly depends on the bar velocity. Finally the packed bed mean temperature is independent of mixing intensity, but more intense mixing leads to more homogenous temperature distribution.
